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We study the interacting dimerized Kitaev chain at the symmetry point ∆ = t and the chemical
potential µ = 0 under open boundary conditions, which can be exactly solved by applying two
Jordan-wigner transformations and a spin rotation. By using exact analytic methods, we calculate
two edge correlation functions of Majorana fermions and demonstrate that they can be used to distin-
guish different topological phases and characterize the topological phase transitions of the interacting
system. According to the thermodynamic limit values of these two edge correlation functions, we
give the phase diagram of the interacting system which includes three different topological phases:
the trivial, the topological superconductor and the Su-Schrieffer-Heeger-like topological phase and
we further distinguish the trivial phase by obtaining the local density distribution numerically.
PACS numbers: 74.20.-z, 74.78.-w, 05.30.Rt, 71.10.Pm
I. INTRODUCTION
Majorana zero modes have attracted intensive studies
in past years1–5. This is not only due to their poten-
tial applications in topological quantum computation6,
but also some reported experimental evidences of their
existence7–14. Kitaev chain model15 provides a simple
platform to study the Majorana zero modes, which has
recently attracted a lot of attentions16,17. The topo-
logical phase transitions of this model can be obtained
by calculating the Majorana number15,18 under periodic
boundary conditions or calculating an edge correlation
function19 under open boundary conditions (OBC). On
the other hand, as the simplest example of 1D topolog-
ical insulators, the Su-Schrieffer-Heeger (SSH) model20,
or known as a dimerized one-dimensional (1D) model,
has been an important model system to show rich topo-
logical phenomena21–25. A dimerized Kitaev model26,27
comprised of the SSH model and the Kitaev model can
give rise to a rich phase diagram, which includes the triv-
ial phase, topological superconductor (TSC) phase and
SSH-like topological phase.
The effect of interactions on topological insulators28 or
superconductors remains an open problem. The Kitaev
model with interaction in some special cases has been
widely studied analytically29–32 and numerically33–37.
Recent work by Miao et al.38 found the exact solution
in the symmetric region (µ = 0,∆ = t) of the Kitaev
chain with nearest neighbor interaction and showed the
phase transition between TSC phase and trivial phase
by introducing an edge correlation function of Majorana
fermions. McGinley et al.39 further extended the exact
solution to the disorder case in this symmetric region.
In this work, we study the dimerized Kitaev model with
nearest neighbor interaction at the symmetric point of
µ = 0 and ∆ = t under OBC with the help of exact so-
lution by mapping the interacting model onto an nonin-
teracting fermion models after two Jordan-wigner trans-
formations and a spin rotation. One of our motivations
is to see the effect of interaction on the trivial, TSC and
SSH-like topological phases in the noninteracting dimer-
ized Kitaev model, and give an exact phase diagram of
the interacting dimerized Kitaev model at the symmet-
ric point. In order to distinguish different phases, we
introduce two edge correlation functions and use them
to distinguish different topological phases of the inter-
acting dimerized Kitaev model. We find that the trivial
phase, TSC phase and SSH-like topological phase of this
interacting system can be well distinguished by these two
edge correlation functions and the phase transition points
can be analytically obtained.
This paper is organized as follows: in Sec. II, we in-
troduce the interacting dimerized Kitaev superconductor
model and it’s form in the Majorana representation. In
Sec. III, the Hamiltonian is diagonalized by using two
Jordan-Wigner transformations and the singular value
decomposition (SVD). In Sec. IV we introduce two edge
correlation functions and obtain the phase diagram, and
then we further distinguish the trivial phase by using the
energy spectra and the local density distribution. A brief
summary is given in Sec. V.
II. MODEL HAMILTONIAN
We consider an interacting dimerized Kitaev supercon-
ductor chain under OBC, which is described by
2H =
∑
j
{
−t[(1 + η)c†j,Acj,B + (1− η)c
†
j,Bcj+1,A + h.c.]−∆[(1 + η)c
†
j,Ac
†
j,B + (1− η)c
†
j,Bc
†
j+1,A + h.c.]
+4U
[
(nj,A −
1
2
)(nj,B −
1
2
) + (nj,B −
1
2
)(nj+1,A −
1
2
)
]}
− µ
∑
j
(c†j,Acj,A + c
†
j,Bcj,B), (1)
where cj,A, cj,B(c
†
j,A, c
†
j,B) are fermion annihilation (cre-
ation) operators on site A,B of the jth cell respectively,
nj,A = c
†
j,Acj,A and nj,B = c
†
j,Bcj,B are the correspond-
ing fermion occupation number operators, t denotes the
hopping integral, ∆ is the superconducting pairing gap
taken to be real, µ is the chemical potential, and U de-
notes the nearest neighbor interaction. We set |η| < 1
and the number of cell Lc, which equals Ls/2, where Ls
is the length of this chain. When U = 0, ∆ = 0 and
µ = 0, the Hamiltonian is reduced to the SSH model20;
when U = 0 and η = 0, the Hamiltonian is reduced to
the 1D kitaev model15, and when U = 0, this model is a
dimerized Kitaev model26,27.
The particle-hole conjugation operator Zp2 defined as
Zp2 =
∏
j
[
cj + (−1)
j
c†j
]
38 and one can easily verify that
(Zp2 )
−1cjZ
p
2 = (−1)
jc†j . Z
p
2 is conserved when µ = 0, i.e.,
this system has the particle-hole symmetry when µ = 0.
Next, we shall study the interacting dimerized Kitaev
model at the symmetric point of µ = 0 and ∆ = t.
We introduce the Majorana fermion operators cj,δ =
1
2
(
γaj,δ + iγ
b
j,δ
)
and c†j,δ =
1
2
(
γaj,δ − iγ
b
j,δ
)
, where δ =
A,B. The Majorana fermion operators should be real(
γβj,δ
)†
= γβj,δ, where β = a, b, and they fulfill the
anticommutation relations
{
γβj , γ
β′
l
}
= 2δββ′δjl, where
β′ = a, b. By using the Majorana operators, the Hamil-
tonian of the interacting dimerized Kitaev chain becomes
H = i2
∑
j
[−(t+∆)(1 + η)γaj,Bγ
b
j,A − (t−∆)(1 + η)γ
a
j,Aγ
b
j,B − (t+∆)(1− η)γ
a
j+1,Aγ
b
j,B − (t−∆)(1− η)γ
a
j,Bγ
b
j+1,A
−Uγaj,Aγ
b
j,Aγ
a
j,Bγ
b
j,B − Uγ
a
j,Bγ
b
j,Bγ
a
j+1,Aγ
b
j+1,A]. (2)
III. EXACT DIAGONALIZATION
A. Mapping to non-interacting chain
By using two Jordan-Wigner transformations40,41 and
a spin rotation38, one can map the Hamiltonian (2)
to a non-interacting model at the symmetric point of
∆ = t and µ = 0. Firstly, the Hamiltonian (2) can
be mapped to a typical XZ model by introducing the
Jordan-Wigner transformation that σxj,δ = γ
a
j,δe
ipi
∑
l<j
nl ,
σyj,δ = −γ
b
j,δe
ipi
∑
l<j nl and σzj,δ = iγ
a
j,δγ
b
j,δ, where δ =
A,B. Then the Hamiltonian (2) can be written as
H =
∑
j
[−t(1 + η)σxj,Aσ
x
j,B − t(1− η)σ
x
j,Bσ
x
j+1,A
+Uσzj,Aσ
z
j,B + Uσ
z
j,Bσ
z
j+1,A] (3)
Secondly, we introduce the rotation operator R =
e−i
pi
4
∑
j
σxj , which means all the spins are rotated pi2
around the x-axis. Therefore the XZ chain becomes a
XY chain,
H =
∑
j
[−t(1 + η)σ˜xj,Aσ˜
x
j,B − t(1− η)σ˜
x
j,B σ˜
x
j+1,A
+Uσ˜yj,Aσ˜
y
j,B + Uσ˜
y
j,Bσ˜
y
j+1,A]. (4)
where σ˜xj := Rσ
x
jR
−1 = σxj and σ˜
y
j := Rσ
y
jR
−1 = σzj .
Finally, we use the Jordan-Wigner transformation
again, σ˜xj,δ = γ˜
a
j,δe
ipi
∑
l<j
n˜l , σ˜yj,δ = −γ˜
b
j,δe
ipi
∑
l<j
n˜l and
σ˜zj,δ = iγ˜
a
j,δγ˜
b
j,δ, to transform theXY chain to a quadratic
fermion Hamiltonian42, which is written as
H =
i
2
Ls∑
j,l=1
γ˜ajBjlγ˜
b
l , (5)
where we set γ˜βj,A = γ˜
β
2j−1 and γ˜
β
j,B = γ˜
β
2j . Here
Bj,j+1 = 2U , B2j,2j−1 = −2t(1 + η) and B2j+1,2j =
−2t(1−η). One can verify that γ˜a,bj are Majorana fermion
operators38, which satisfy
(
γ˜aj
)†
= γ˜aj ,
(
γ˜bj
)†
= γ˜bj and{
γ˜βj , γ˜
β′
l
}
= 2δββ′δjl. Thus, the Hamiltonian (2) is
3mapped to a non-interacting fermion Hamiltonian (5)
when ∆ = t and µ = 0.
B. Exact diagonalization
The Hamiltonian (5) can be exactly diagonalized by
using the SVD, i.e., the matrix B given in Eq. 5 can be
written as B = UΛV T 19,42,43, where Λ is a real diagonal
matrix whose diagonal elements Λk are the singular val-
ues of B. U and V are two real orthogonal matrices and
transform the Majorana operators as γ˜ak =
∑Ls
j=1 Ujk γ˜
a
j
and γ˜bk =
∑Ls
j=1 Vjk γ˜
b
j . Similarly, we have
(
γ˜βk
)†
= γ˜βk
and
{
γ˜βk , γ˜
β′
p
}
= 2δββ′δkp.
The Hamiltonian can be diagonalized as
H =
i
2
∑
k
γ˜akΛkγ˜
b
k =
∑
k
Λk
(
c˜†k c˜k −
1
2
)
, (6)
where c˜k and c˜
†
k are fermion operators, which fulfill c˜k =
1
2
(
γ˜ak + iγ˜
b
k
)
and c˜†k =
1
2
(
γ˜ak − iγ˜
b
k
)
. There exist two non-
negative singular values for each k, which are
ΛkI =
√
4t2(1 + η)2 + 4U2 − 8tU(1 + η) cos(2kI). (7)
ΛkII =
√
4t2(1 − η)2 + 4U2 − 8tU(1− η) cos(2kII). (8)
One can see that ΛkI ≥ 0 and ΛkII ≥ 0, ΛkI = 0 when
U = t(1 + η) and kI = 0 or when U = −t(1 + η) and
kI = pi2 , and ΛkII = 0 when U = t(1 − η) and k
II = 0
or when U = −t(1 − η) and kII = pi2 . Therefore the
spectrum Λk is gap closed at the cases that U = ±t(1+η)
and U = ±t(1− η).
For the ΛkI and ΛkII , the corresponding U and V are
UjkI =
{
0, j = odd,
AkI sin jk
I , j = even,
(9a)
VjkI =
{
−AkI δkI sin (Ls + 1− j) k
I , j = odd,
0, j = even.
(9b)
and
UjkII =
{
AkII sin (Ls + 1− j) k
II , j = odd,
0, j = even,
(10a)
VjkII =
{
0, j = odd,
−AkII δkII sin jk
II , j = even.
(10b)
respectively. Here the normalization factors are
Ak = 2
[
L+ 1−
sin 2k (L+ 1)
sin 2k
]−1/2
, (11)
and42
δk = sgn[
cos k
cos(Ls + 1)k
]. (12)
The wave vector kI ’s are determined by the equation,
sin kI (Ls + 2)
sinkILs
=
U
t(1 + η)
, (13)
and kII ’s are
sin kII (Ls + 2)
sin kIILs
=
t(1 − η)
U
. (14)
When | Ut(1+η) | > 1, i.e.,
U
t > 1 + η or
U
t < −(1 + η),
there exists a complex kI0 besides Ls−1 real k’s (including
Ls
2 real k
II ’s and Ls2 − 1 real k
I ’s)19,42, which is
kI0 =
pi
2
+ iv, (15)
where v is determined by
sinh v (Ls + 2)
sinh vLs
= −
U
t(1 + η)
. (16)
For this kI0 mode, the U and V become
UjkI =
{
0, j = odd,
AkI (−1)
−
j
2 sinh jkI , j = even,
(17a)
VjkI =
{
−AkI (−1)
1−j
2 sinh (Ls + 1− j) k
I , j = odd,
0, j = even.
(17b)
Then the corresponding normalization factor can be writ-
ten as,
AkI
0
= 2e−vLs
(
1− e−4v
)1/2
, (18)
and the corresponding singular value is
ΛkI
0
≈ (1− |
t(1 + η)
U
|)|
t(1 + η)
U
|Ls/2. (19)
In a similar way, when | t(1−η)U | > 1, i.e., −(1 − η) <
U
t < 1−η, there exists a complex k
II
0 that is k
II
0 =
pi
2+iv
′
4besides Ls − 1 real k’s, where v
′
is determined by
sinh v
′
(Ls + 2)
sinh v′Ls
= −
t(1− η)
U
. (20)
Similarly, we can also obtain the corresponding UjkII
0
,
VjkII
0
, AkII
0
, which equals AkI
0
, and the corresponding
singular value
ΛkII
0
≈ (1− |
U
t(1− η)
|)|
U
t(1− η)
|Ls/2. (21)
IV. EDGE CORRELATION FUNCTIONS AND
PHASE DIAGRAM
We introduce two edge correlation functions G
(1)
1L =
〈0| iγa1γ
b
Ls
|0〉 and G
(2)
1L = 〈0| iγ
b
1γ
a
Ls
|0〉, which can be
used to characterize topologically different phases. Be-
fore studying the more complicate case of interacting
model, we would like to demonstrate that we can repro-
duce the phase diagram of the non-interacting dimerized
Kitaev model by calculating these two edge correlation
functions. We present the phase diagram of this sys-
tem with U = 0 and µ = 0 in Fig. 1, which is consistent
with the previous result obtained by calculating the topo-
logical numbers of the system with periodical boundary
condition26. Here the region of ”0” in Fig. 1 corresponds
to the case that both G
(1)
1L and G
(2)
1L equal zero in the
thermodynamic limit, which means that there isn’t edge
state in this system. Regions labeled by 1ab and 1ba cor-
respond to the case with G
(1)
1L 6= 0 and G
(2)
1L = 0 and
the case with G
(1)
1L = 0 and G
(2)
1L 6= 0 in the thermody-
namic limit respectively, which means that there exists
a Majorana fermion at each end of this chain. Region of
”2” corresponds to the case that both G
(1)
1L and G
(2)
1L are
nonzero in the thermodynamic limit, which means that
there exists a Dirac fermion at each end of this chain.
We then discuss the interacting dimerized Kitaev
model at the symmetric point. Miao et al.38 have proven
that G
(1)
1L =
∑
k U1kVLsk. We then calculate G
(2)
1L ,
G
(2)
1L =
〈
iγb1γ
a
Ls
〉
= −
〈
iσy1σ
x
Lse
ipi
∑Ls−1
j=1
nj
〉
= −
〈
σy1σ
y
Ls
eipi
∑Ls
j=1
nj
〉
= −
〈
σy1σ
y
Ls
Zf2
〉
= −
〈
σ˜z1 σ˜
z
LsZ
f
2
〉
=
〈
γ˜a1 γ˜
b
1γ˜
a
Ls γ˜
b
LsZ
f
2
〉
, (22)
where Zf2 is the fermion number parity defined as Z
f
2 =
eipi
∑
l
nl = (−1)N and N =
∑
l nl is the number of
the fermions. It is easy to verify that (Zf2 )
2 = 1
and [H,Zf2 ] = 0. For the ground state we can choose
Zf2 |0〉 = |0〉
38. After using the Wick theorem, we have
G
(2)
1L =
〈
γ˜a1 γ˜
b
1
〉 〈
γ˜aLs γ˜
b
Ls
〉
−
〈
γ˜a1 γ˜
a
Ls
〉 〈
γ˜b1γ˜
b
Ls
〉
+
〈
γ˜a1 γ˜
b
Ls
〉 〈
γ˜b1γ˜
a
Ls
〉
. (23)
FIG. 1: (Color online) The phase labeled by “0” denotes
the SSH-like trivial phase, phases labeled by “1” express the
Kitaev-like topological phases and 2 denotes the SSH-like
topological phase. Here 1ab and 1ba correspond to different
cases with G
(1)
1L 6= 0 and G
(2)
1L 6= 0 in the thermodynamic limit,
respectively.
where
〈
γ˜aj γ˜
b
j
〉
= i
∑
k VjkU
T
kj = 0 and
〈
γ˜a1 γ˜
a
Ls
〉
=∑
k U1kU
T
kLs
= 0, therefore
G
(2)
1L =
〈
γ˜a1 γ˜
b
Ls
〉 〈
γ˜b1γ˜
a
Ls
〉
=
∑
k
U1kVLsk
∑
k′
V1k′ULsk′ . (24)
We need investigate the effect of both kI mode and
kII mode on the edge correlation functions. Since
U1kI = VLskI = 0 and ULskII = V1kII =
0, we have G
(1)
1L =
∑
kII U1kIIVLskII and G
(2)
1L =∑
kII U1kIIVLskII
∑
kI V1kIULskI .
When |U/t| > |1−η| and |U/t| < |1+η|, one can easily
prove that42
G
(1)
1L =
∑
kII
A2kII δkII sin
2 kIILs = O (1/Ls) , (25)
and G
(2)
1L = O (1/Ls), which means that there doesn’t
exist Majorana fermion at the end of this chain. When
|U/t| < |1− η| and |U/t| < |1 + η|, we have
G
(1)
1L = 〈0| iγ
a
1γ
b
Ls |0〉 = U1kII0 VLskII0 +
∑
k
U1kIIVLskII
= (−1)
Ls
2 A2kII
0
sinh2 v
′
Ls +
∑
kII
A2kII δkII sin
2 kIILs
= (−1)
Ls
2
[
1−
(
U
t(1− η)
)2]
+O (1/Ls) , (26)
and G
(2)
1L = G
(1)
1L × O (1/Ls), which equals zero in the
thermodynamic limit. Therefore there exists one Ma-
5FIG. 2: (Color online) Phases labeled by “0” denote the triv-
ial phases, where CAT expresses a Shro¨dinger cat-like phase
and CDW denotes a charge density wave phase. Phase of
“1” denotes the topological superconductor (TSC) phase and
phases of “2” express the SSH-like topological phases.
jorana fermion at each end of this chain, which corre-
sponds to the TSC phase. When |U/t| > |1 − η| and
|U/t| > |1+η|, one can easily verify that G
(1)
1L = O (1/Ls)
and G
(2)
1L = G
(1)
1L ×{(−1)
Ls
2
[
1−
(
t(1+η)
U
)2]
+O (1/Ls)},
which equals to zero in the thermodynamic limit, which
means that there isn’t edge state at this chain and the
system is trivial. In a similar way, for this case that
|U/t| > |1+η| and |U/t| < |1−η|, we can obtain G
(1)
1L 6= 0
and G
(2)
1L 6= 0 in thermodynamic limit. There exist two
Majorana fermions, i.e., one Dirac fermion at each end of
this chain, which corresponds to the SSH-like topological
phase.
For clear, we display the phase diagram in Fig. 2, where
regions of “0” denote that there isn’t edge state in this
chain, which is the trivial phase, region of “1” denotes the
TSC phase and there exists a Majorana fermion at each
end of this chain and regions of “2” express the SSH-like
topological phase and there exists one Dirac fermion at
each end of this chain. We see that for the |η| < 1 case,
the system is at TSC phase when |U/t| is small, then
this system enters into the trivial phase when increasing
the |U/t| to the parameter region 1 − η < |U/t| < 1 + η
for η > 0 and this system can enter into the SSH-like
topological phase if increasing the |U/t| to the region
1 + η < |U/t| < 1 − η for η < 0. The phase boundary
between different phases can be determined by the gap
close point in the energy spectrum.
To calculate the energy spectra, we can obtain the sin-
gular values Λ numerically, which equal to the square of
BBT and B is the matrix in Hamiltonian (5). Fig. 3(a)
and (b) show the energy spectra of this system with
η = 0.5 and η = −0.5, respectively. We can also use the
density matrix renormalization group (DMRG) method
-2 0 2
U/t
0
5
10
Λ
(a)
1 1 1
-2 0 2
U/t
0
5
10
Λ
(b)
1 2 1 2 1
0 100 200
i
0
0.5
1
<
n
i>
(c)
0 100 200
i
0
0.5
1
<
n
i>
(d)
FIG. 3: Energy spectra of the interacting dimerized Kitaev
chain with (a) η = 0.5, (b) η = −0.5 and Ls = 200 as a
function of U/t under OBC, where the number of the zero-
energy edge states is labeled. Local density distribution of this
system with (c) η = 0.5, U/t = 1, (d) η = −0.5, U/t = −1.
to obtain the ground state |0〉 and the local density dis-
tribution 〈0|nˆi|0〉 of this system in trivial phase and the
SSH-like topological phase as shown in Fig. 3(c) and (d)
respectively. From Fig. 3(a), we see that there isn’t zero
mode at 0.5 < |U/t| < 1.5, which is consistent with that
it is a trivial insulator phase. The corresponding local
density distribution of this phase as shown in fig. 3(c),
where no edge density distribution is detected in this sys-
tem. From Fig. 3(b), we see that there exist zero modes
at 0.5 < |U/t| < 1.5 for the η = −0.5 case, where the
zero modes are double degenerate, which can be under-
stood from the Eq. 19 and Eq. 21. In the thermodynamic
limit, ΛkI
0
and ΛkII
0
equal to zero, which means that the
kI0 mode and k
II
0 mode are the zero modes. Actually,
from the above discussion, it is exactly that the kI0 mode
and the kII0 mode give rise to the edge states. Fig. 3(d)
shows the local density distribution in this SSH-like topo-
logical phase and one can see the existence of the edge
states.
From Fig. 3(a) and (b), we see that there also exist zero
energy states for the |Ut | > |1+ η| and |
U
t | > |1− η| case.
The zero energy state corresponds to that
〈
iγ˜a1 γ˜
b
Ls
〉
= 0
but
〈
iγ˜b1γ˜
a
Ls
〉
6= 0, which implies the existence of Ma-
jorana fermions γ˜b1 and γ˜
a
Ls
at the end of the chain de-
scribed by the Hamiltonian (5). The existence of zero
modes at this system holds true even under the unitary
transformation of spin rotation. However, for these zero
mode states, our results show that
〈
iγa1γ
b
Ls
〉
= 0 and
6i
FIG. 4: (a) local density distribution and (b) the correspond-
ing Fourier spectrum for this system with t = 1, U = 3, η =
0.5 and Ls = 200.
〈
iγb1γ
a
Ls
〉
= 0, which indicates the absence of Majorana
edge states in terms of Majorana fermion operators be-
fore the spin rotation and these phases should be topo-
logically trivial. To understand these phases, we also
show the local density distribution of this system with
U/t = 3, η = 0.5 and Ls = 200 in Fig. 4 (a), which is ob-
tained by using the DMRG method. From this picture,
one can see the local density distributes in an oscillating
way corresponding to the charge density wave (CDW)
phase38. Fig. 4(b) shows the corresponding Fourier spec-
trum, which is obtained by taking the fast Fourier trans-
formation of the local density distribution and it is usu-
ally used to distinguish the CDW and the incommensu-
rate CDW (ICDW). From this picture, one can see that
the Fourier spectrum has a single peak at pi point and
this state is a CDW. For the case that Ut < −(1 + η),
where η > 0 and Ut < −(1− η), where η < 0, the system
is the Shro¨dinger cat-like state with the density distribu-
tion being a constant. The Shro¨dinger cat-like state has
been studied in Ref.38, which is a superposition of two
trivial superconductor states with different occupation
numbers.
V. SUMMARY
In summary, we have investigated an exactly solvable
interacting dimerized Kitaev model under OBC at the
symmetric point of ∆ = t and µ = 0 and identified the
topological phase diagram by calculating two edge corre-
lation functions and the energy spectra. There exist three
different topological phases in various parameter regions:
the trivial, TSC and SSH-like topological phases, and the
phase boundaries can be determined analytically from
the gap close points of the energy spectra. We see that
the TSC phase changes to the trivial phase or the SSH-
like topological phase when increasing |U/t| and both of
them enter into the trivial phase when further increasing
the |U/t|. For the trivial phase, there also exist three
different phases in different parameters regions, i.e., the
trivial insulator phase, CDW and CAT phases, which can
be distinguished from the energy spectra and the local
density distributions. Our results provide a firm ground
for further studying and understanding the more general
case with ∆ 6= t and µ 6= 0, for which no exact solution is
available but one may calculate the two edge correlation
functions numerically.
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phases aren’t Majorana zero modes corresponding to the
original fermion operators of this interacting dimerized
Kitaev model.
∗ schen@iphy.ac.cn
1 J. Alicea, Rep. Prog. Phys. 75, 076501 (2012).
2 S. Gangadharaiah, B. Braunecker, P. Simon, and D. Loss,
Phys. Rev. Lett. 107, 036801 (2011).
3 E. M. Stoudenmire, J. Alicea, O. A. Starykh, and M. P.
A. Fisher, Phys. Rev. B 84, 014503 (2011); R. M. Lutchyn
and M. P. A. Fisher, Phys. Rev. B 84, 214528 (2011).
4 Y. H. Chan, C. K. Chiu, and K. Sun, Phys. Rev. B 92,
104514 (2015).
5 E. Sela, A. Altland, and A. Rosch, Phys. Rev. B 84, 085114
(2011).
6 C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. D.
7Sarma, Rev. Mod. Phys. 80, 1083 (2008).
7 L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407 (2008).
8 J. Alicea, Phys. Rev. B 81, 125318 (2010).
9 J. D. Sau, R. M. Lutchyn, S. Tewari, and S. Das Sarma,
Phys. Rev. Lett. 104, 040502 (2010).
10 M. Sato, Y. Takahashi, and S. Fujimoto, Phys. Rev. B 82,
134521 (2010).
11 T. D. Stanescu, R. M. Luchyn, ans S. Das Sarma, Phys.
Rev. B 84, 144522 (2011).
12 V. Mourik, K. Zuo, S. M. Frolov, S. R. Plissard, E. P. A.
M. Bakkers, and L. P. Kouwenhoven, Science 336, 1003
(2012).
13 S. Nadj-Perge, I. K. Drozdov, J. Li, H. Chen, S. Jeon,
J.Seo, A. H. MacDonald, B. A. Bernevig, and A. Yazdani,
Science 346, 602 (2014).
14 M. T. Deng, S. Vaitieknas, E. B. Hansen, J. Danon, M.
Leijnse, K.Flensberg, J. Nygard, P. Krogstrup, and C. M.
Marcus, Science 354, 1557 (2016).
15 A. Y. Kitaev, Phys. Usp. 44, 131 (2001).
16 F. Wilczek, Nat. Phys. 5, 614 (2009).
17 S. R. Elliott and M. Franz, Rev. Mod. Phys. 87, 137
(2015).
18 L. -J. Lang, and S. Chen, Phys. Rev. B 86, 205135 (2012).
19 J.-J. Miao, H.-K. Jin, F.-C. Zhang and Y. Zhou,
arXiv:1608.08382 (2016).
20 W. P. Su, J. R. Schrieffer, and A. J. Heeger, Phys. Rev.
Lett. 42, 1698 (1979).
21 W. P. Su, J. R. Schrieffer, and A. J. Heeger, Phys. Rev. B
22, 2099 (1980).
22 A. J. Heeger, S. Kiverson, J. R. Schrieffer, and W. P. Su,
Rev. Mod. Phys. 60, 781 (1988).
23 H. Takayama, Y. R. Lin-Liu, and K. Maki, Phys. Rev. B
21, 2388 (1980).
24 S. Ganeshan, K. Sun, and S. Das Sarma, Phys. Rev. Lett.
110, 180403 (2013).
25 L. H. Li, Z. H. Xu, and S. Chen, Phys. Rev. B 89, 085111
(2014).
26 R. Wakatsuki, M. Ezawa, Y. Tanaka, and N. Nagaosa,
Phys. Rev. B 90, 014505 (2014).
27 Q-B Zeng, S. Chen, and R. Lu¨, Phys. Rev. B 94, 125408
(2016).
28 M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045
(2010); X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83,
1057 (2011).
29 L. Fidkowski and A. Kitaev, Phys. Rev. B 83, 075103
(2011).
30 A. M. Turner, F. Pollmann, and E. Berg, Phys. Rev. B 83,
075102 (2011) .
31 G. Goldstein and C. Chamon, Phys. Rev. B 86, 115122
(2012).
32 F. Hassler and D. Schuricht, New. J. Phys. 14, 125018
(2012).
33 R. Thomale, S. Rachel, and P. Schmitteckert, Phys. Rev.
B 88, 161103(R), (2013).
34 A. Rahmani, X. Zhu, M. Franz, and I. Affleck, Phys. Rev.
Lett. 115, 166401 (2015); A. Rahmani, X. Zhu, M. Franz,
and I. Affleck, Phys. Rev. B 92, 235123 (2015).
35 A. Milsted, L. Seabra, I. C. Fulga, C. W. J. Beenakker,
and E. Cobanera, Phys. Rev. B 92, 085139 (2015).
36 F. Iemini, L. Mazza, D. Rossini, R. Fazio, and S. Diehl,
Phys. Rev. Lett. 115, 156402 (2015).
37 N. M. Gergs, L. Fritz, and D. Schuricht, Phys. Rev. B 93,
075129 (2016).
38 J.-J. Miao, H.-K. Jin, F.-C. Zhang and Y. Zhou, Phys.
Rev. Lett. 118, 267701 (2017).
39 M. McGinley, J. Knolle, and A. Nunnenkamp,
arXiv:1706.10249.
40 P. Jordan and E. Wigner, Z. Physik 47, 631 (1928).
41 D. S. Fisher, Phys. Rev. B 51, 6411 (1995).
42 E. Lieb, T. Schultz and D. Mattis, Ann. Phys. 16, 407
(1961).
43 H. Katsura, D. Schuricht and M. Takahashi, Phys. Rev. B
92, 115137 (2015).
44 M. Ezawa, arXiv:1707.03983.
